Marijuana (MJ) use and HIV infection are both associated with neurocognitive deficits, yet there is little research to date examining their interactions, specifically how they pertain to procedural learning (PL). We examined a sample of 86 individuals with a history of dependence for multiple substances who underwent a comprehensive evaluation including measures of mental health, substance use history, and three measures of PL: the photoelectric Rotary Pursuit Task (RPT), the Star Mirror Tracing Task (SMT), and the Weather Prediction Task (WPT). We found that a positive HIV serostatus and a history of marijuana dependence were both independently associated with overall poorer performance on the SMT and RPT in this sample of individuals with a history of dependence for multiple substances. Rate of improvement across trial blocks did not differ as a function of HIV serostatus or history of marijuana dependence. Although we found no significant HIV × MJ interaction for any of the PL tasks, we did observe evidence of additive negative effects from HIV and a history of marijuana dependence on overall performance on the SMT and RPT, but not the WPT. The findings suggest that complex motor skills are adversely affected among abstinent polysubstance users with a history of marijuana dependence and that such deficits are compounded by HIV.
Impact of HIV and a history of marijuana dependence on procedural learning among individuals with a history of substance dependence
Raul
INTRODUCTION
Marijuana has been reported to alleviate neuropathic pain, nausea, mood problems, and appetite loss from HIV/AIDS (Abrams et al., 2007; Corless et al., 2009; Ellis et al., 2009; Haney et al., 2007; Prentiss, Power, Balmas, Tzuang, & Israelski, 2004) , and over a dozen U.S. states have decriminalized marijuana for medical use, with most of them identifying HIV/AIDS as a condition that may benefit from medical marijuana (NORML, 2010) . Not surprisingly, there is a high prevalence of medical and recreational marijuana use among individuals with HIV (Fairfield, Eisenberg, Davis, Libman, & Phillips, 1998; Prentiss et al., 2004; Sidney, 2001) . Given the prevalence of marijuana use and its potential value
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to ameliorate symptoms of HIV/AIDS, it is important to understand possible negative interactive or additive effects that marijuana use may have on HIV-associated neurocognitive disorder.
Although marijuana use (Grant, Gonzalez, Carey, Natarajan, & Wolfson, 2003; Pope, Gruber, & YurgelunTodd, 1995) and a positive HIV serostatus (Grant et al., 1987; Heaton et al., 1995; Reger, Welsh, Razani, Martin, & Boone, 2002) have both been independently associated with neurocognitive deficits, there is no consensus on whether marijuana use by HIV+ individuals is detrimental to their neurocognitive functioning. This may stem from continued controversy in the scientific literature on the onset, magnitude, and duration of neurocognitive deficits from marijuana use. Specifically, there is substantial agreement on acute and residual negative effects from marijuana on neurocognitive functioning, but there is less agreement on permanent or more lasting effects from marijuana after abstinence (e.g., see review by Gonzalez, 2007) . Some studies show that deficits in declarative memory, which are evident after recent abstinence, appear to dissipate after 28 days (Pope, Gruber, Hudson, Huestis, & Yurgelun-Todd, 2001 ). However, others have reported deficits in decision making that remain evident after 28 days of abstinence (Bolla, Brown, Eldreth, Tate, & Cadet, 2002; Bolla, Eldreth, Matochik, & Cadet, 2005; Verdejo-Garcia et al., 2007) . A meta-analysis on the nonacute effects of marijuana found adverse neurocognitive effects from marijuana (of small effect size) on overall neuropsychological functioning that appeared to be driven primarily by deficits in memory function (Grant et al., 2003) in otherwise healthy subjects. Given the small magnitude of the observed effects, the authors concluded that the limited marijuana use that may be expected in a medical context may offer a tolerable margin of safety. However, it is conceivable that some populations may be more vulnerable to adverse effects of cannabis on neurocognition. For example, individuals with a history of dependence for multiple substancesherein referred to as substance-dependent individuals (SDIs) or polysubstance users-have often been shown to experience more severe HIV-associated neurocognitive impairments than their non-drug-using counterparts (reviewed in Gonzalez & Cherner, 2008) . The additional neurocognitive burden of marijuana dependence may be more notable in such a sample. Furthermore, investigations of HIV and marijuana interactions among polysubstance users may offer greater ecological validity than those examining the effects of a single substance in isolation, since polydrug use is often the norm in substanceusing populations (Darke & Hall, 1995; Leri, Bruneau, & Stewart, 2003) , and polydrug use often co-occurs with HIV (Diaz et al., 1994; Mimiaga et al., 2008) .
To date, only two published studies have specifically examined the neurocognitive effects of marijuana among HIV+ individuals and have reported mixed findings. Cristiani, Pukay-Martin, and Bornstein (2004) compared the neuropsychological performance of healthy controls and participants with HIV, stratified by history of marijuana use and HIV disease stage. They found that symptomatic HIV+ individuals who used marijuana frequently performed more poorly on a global measure of neuropsychological impairment than did those with history of minimal or no marijuana use. In contrast, Chang, Cloak, Yakupov, and Ernst (2006) found that use of marijuana did not affect neuropsychological performance among their HIV+ subjects, as they reported no significant interactions between HIV serostatus and history of marijuana use. However, they compared brain metabolite levels across groups using magnetic resonance spectroscopy (MRS) and found evidence of negative additive effects of marijuana use and HIV for some (but not all) metabolites in the basal ganglia and thalamus.
A common pathway by which marijuana use and HIV may adversely affect neurocognitive functioning is through their impact on the striatum. The striatum is rich in cannabinoid receptors (Herkenham, Lynn, de Costa, & Richfield, 1991; Herkenham et al., 1990) , and several neuroimaging studies report abnormal striatal functioning among marijuana users (Chang et al., 2006; Kanayama, Rogowska, Pope, Gruber, & Yurgelun-Todd, 2004; Volkow et al., 1996) , but these findings are not as consistent (Quickfall & Crockford, 2006) nor are they as well explored as with HIV. Damage or dysfunction of striatal structures have been reported among HIV+ individuals through a variety of research methodologies, which have revealed structural abnormalities (Aylward et al., 1993; Jernigan et al., 1993; Kieburtz et al., 1996; R. Paul, Cohen, Navia, & Tashima, 2002; Stout et al., 1998) , functional abnormalities (Chang et al., 2001; Rottenberg et al., 1996; van Gorp et al., 1992; von Giesen et al., 2000) , altered brain metabolites (Chang et al., 2004; Ernst, Itti, Itti, & Chang, 2000; Meyerhoff et al., 1999; R. H. Paul et al., 2007) , and post mortem neuropathology (Masliah, Ge, Achim, DeTeresa, & Wiley, 1996; Nath et al., 2000; Navia, Cho, Petito, & Price, 1986; Wiley et al., 1998) .
Despite an abundance of neuropsychological studies on effects of HIV and the evidence to suggest striatal dysfunction as a possible mechanisms for additive neurocognitive sequelae from HIV and marijuana use, there have been no studies published that specifically examined their association with measures of procedural learning (PL), which are thought to be particularly sensitive to striatal dysfunction. PL refers to an aspect of nondeclarative memory including gradual, incremental learning of associations, skills, and habits that can be demonstrated through improvements in behavioral performance, but do not require conscious memorization or recollection (e.g., riding a bike, tennis swing, driving). Caudate and putamen have been consistently reported as vital for PL (Packard & Knowlton, 2002; Salmon & Butters, 1995; Squire & Zola, 1996; Yin & Knowlton, 2006) , and patients with basal ganglia abnormalities, particularly those with degenerative dementias affecting subcortical brain structures, show impairments on such tasks (Knowlton, Mangels, & Squire, 1996) .
The reliance of PL on integrity of striatal structures makes it a promising construct to examine in the context of HIV and marijuana use. Furthermore, PL deficits among HIV+ individuals could conceivably contribute to impairments in important activities of daily living that may rely on PL, such as driving, medication management, or learning of other new habits and routines. Although the aforementioned evidence suggests that PL may be affected by HIV, it is worth noting that the few studies conducted to date show mixed results Martin, Heyes, Salazar, Law, & Williams, 1993) . A prior investigation by our group based on the same sample as that presented in the current study found overall poorer complex motor skills among HIV+ than among HIV-SDIs, but did not find evidence of PL deficits, per se. That is, HIV+ participants performed more poorly overall than their matched controls, but groups showed no differences in their rates of improvement across trial blocks. To our knowledge, there are no published studies examining associations between history of marijuana use and PL. Basal ganglia structures critical for PL are dense in CB1 receptors, the primary targets of the psychoactive constituents of marijuana. This leads us to speculate that a history of marijuana dependence could have some effect on PL: a hypothesis that we test in this manuscript. It is possible that heavier marijuana use among SDIs may make prominent PL deficits among those with HIV or worsen even further the deficits in complex motor skills that we observed in our prior study.
Although we have made an argument for why a history of marijuana use may be detrimental for PL among those with HIV, there is evidence that would suggest an alternative hypothesis. That is, marijuana may also be neuroprotective in the context of HIV. CB1 agonists (including those naturally found in marijuana) are known to be potent antioxidants and can reduce glutamate mediated excitotoxic injury (Grundy, 2002; Guzman, Sanchez, & Galve-Roperh, 2001; Hampson et al., 2000; Marsicano, Moosmann, Hermann, Lutz, & Behl, 2002; Mechoulam, Spatz, & Shohami, 2002) . Furthermore, they have been shown to inhibit proinflammatory cytokine production (Centonze, Finazzi-Agrò, Bernardi, & Maccarrone, 2007) . Interestingly, some of the common mechanisms cited for HIV-associated brain injury include oxidative stress, microvascular accidents, inflammation, and excitotoxic injury through increased glutamate release (Anthony & Bell, 2008; Hult, Chana, Masliah, & Everall, 2008) . Therefore, it is possible that marijuana may reduce neurotoxic injury from HIV through these mechanisms, but this has not been supported by existing studies on effects of marijuana on the brain functioning of HIV+ persons (Chang et al., 2006; Cristiani et al., 2004) . However, it is worth noting that methamphetamine is thought to affect brain functioning through mechanisms similar to those of HIV (Gonzalez & Cherner, 2008; Nath et al., 2002; Rippeth et al., 2004) , and a study examining neuropsychological effects of combined marijuana and methamphetamine use reported better neuropsychological performance among methamphetamine users who also had a history of a marijuana use disorder than among those who did not .
In this study, we examine the effects of HIV and a history of marijuana dependence on PL among a sample of individuals with a history of dependence for multiple substances. Given the often additive negative impact of HIV and substance dependence on neurocognitive functioning and the known adverse effects of both of these risk factors on striatum, we anticipate that our sample of SDIs may be particularly vulnerable to any adverse effects that a history of cannabis use may have on PL. However, the competing hypotheses on how marijuana may interact with HIV to affect neurocognitive functioning and the mixed results from extant literature on the topic may contribute to several possible outcomes. For example, finding evidence for better performance among those SDIs with a history of heavier marijuana use, after controlling for potential confounds, would support a neuroprotective role for marijuana in this context.
METHOD

Participants
Participants were 86 adults with history of substance use disorder recruited from the greater Chicago metropolitan area through flyers in the community, substance use treatment centers, health clinics, and word of mouth. The study was approved by the University of Illinois Chicago Institutional Review Board, and all participants provided informed consent. Participants met DSM-IV (Diagnostic and Statistical Manual of Mental Disorders-Fourth Edition; American Psychiatric Association, 1994 ) criteria for lifetime dependence on cocaine and/or heroin; however, none met DSM-IV criteria for a current substance use disorder (with the possible exception of caffeine and nicotine use disorders, which were not assessed). Furthermore, no participant reported use of illicit substances for at least 10 days prior to the study visit. Alcohol breath test (AlcoMate Prestige, Model AL6000) and urine toxicology testing (DrugCheck NxStep OnSite) were used to confirm that all participants were not acutely intoxicated from alcohol and were abstinent from cocaine, heroin, other opioids, and other stimulants at the time of their visit. Participants with positive urine toxicology or breath test were not further evaluated and were rescheduled. Participants reported minimal recent drug use. Other exclusion criteria included a history of open head injury, closed head injury with loss of consciousness greater than 30 minutes, neurosyphilis, cerebrovascular accidents, other neurological illness, and schizophrenia. These participants have been described in detail in a prior study .
Our sample consisted mostly of African-American men with approximately a high-school education. Almost half of the sample (46%, n = 40) met DSM-IV criteria for past marijuana dependence. Tables 1 and 2 present detailed information on participant demographics, indicators of mental health, and their substance use history stratified by both HIV serostatus (HIV+ or HIV-) and history of marijuana (MJ) dependence (MJ+ or MJ-). All participants in the study underwent blood tests for HIV, and approximately half of the sample (49%, n = 42) were seropositive (i.e., HIV+). Only 18% (n = 7) of HIV+ participants met immunological criteria for an AIDS diagnosis (CD4 counts: median = 366, IQR = 261 to 560, n = 40 1 ), and 48% had undetectable HIV RNA viral load in plasma (HIV RNA: median = 210, IQR = 75 to 1,644, n = 40). The vast majority (81%) of HIV+ participants were prescribed antiretroviral treatment, and almost half (48%) of the HIV+ group were on highly active antiretroviral therapy (HAART).
TABLE 1
Demographic characteristics of sample
MJ-/HIV-(n
Age ( 
TABLE 2
Substance use characteristics of sample 
Assessment protocol and measures
A prior investigation Kellogg et al., 2003) was employed to index severity of alcohol and drug use history. Additional questions were added to the KMSK in order to obtain information on history of marijuana use, as well as information on drug use during the prior month for several drug classes. The KMSK obtains information on frequency, amount, and duration of alcohol and drug use during an individual's most intense period of drug consumption (i.e., their peak use) and arrives at a composite score for each substance to index the severity of their use. Higher KMSK scores indicate a more severe history of drug use, with the maximum score differing by substance (i.e., alcohol = 13; cocaine = 16; heroin = 13; marijuana = 16). For example, in order to obtain a score of 16 for marijuana, an individual would have to endorse peak use of marijuana that was "several times a day, every day or most days, or continuous use as long as drug is available" and that persisted for "more than a year," and they spent more than $50 daily on marijuana. In contrast, the lowest minimum score for a marijuana user would be a 2, which would correspond to peak use of "fewer than 20 times in lifetime," for "less than six months," and expenditure of $10 or less on marijuana per day of use. Self-report questionnaires were also administered to assess mental health problems, including symptoms of depression (Beck Depression Inventory-2, BDI-II; Beck, Steer, Ball, & Ranieri, 1996) , anxiety ("State" portion of the State-Trait Anxiety Inventory, STAI; Spielberger, Gorsuch, Lushene, Vagg, & Jacobs, 1983) , and attentiondeficit/hyperactivity disorder (ADHD; Wender-Utah Rating Scale, WURS; Stein et al., 1995; Ward, Wender, & Reimherr, 1993) . Premorbid IQ was estimated with the American National Adult Reading Test (AmNART; Grober & Sliwinski, 1991) .
Participants also completed three separate measures of PL: the photoelectric Rotary Pursuit Task (RPT), the Star Mirror Tracing Task (SMT), and the Weather Prediction Task (WPT). All three tasks assess performance across multiple trial blocks, thus allowing us to examine how performance changes over time-that is, with continued exposure and practice on the task. PL can be measured by examining improvements in performance across trial blocks. Thus, groups can be compared on their rate of learning in order to assess any differences in PL. We can also examine overall performance on the task (collapsed across trial blocks), as it is possible for groups to differ in their overall performance, but to show comparable rates of learning over trial blocks. For example, in a prior study we found overall poorer performance on SMT (and a trend for the RPT) among HIV+ compared to HIVparticipants, but no differences in their rate of learning over trial blocks. Because of the strong complex motor demands of the RPT and SMT, we concluded that the HIV+ group showed evidence of deficits in complex motor skills, but no PL deficits per se.
Detailed procedures for these tasks can be found in . The RPT and the SMT are measures of motor skills learning that are performed abnormally by patients with disease that primarily affects the basal ganglia, such as Parkinson's (e.g., Heindel, Salmon, Shults, Walicke, & Butters, 1989; Sarazin et al., 2002 ) and Huntington's disease (e.g., Heindel, Butters, & Salmon, 1988; Heindel et al., 1989) compared to persons with brain disorders with relative sparing of the basal ganglia (for review see Salmon & Butters, 1995) . Briefly, the RPT requires participants to hold a plastic stylus over a rotating disk, keeping the stylus directly over a patch of light that spins around the circumference of the disk at a set speed (set to 55 rpm for all trials). Eight trials lasting 20 seconds each were conducted. The seconds that the stylus was kept on the target during each trial was recorded. The SMT requires participants to trace within an outline of a six-point star on a flat metallic plate using a metal stylus. Participants do not see the actual star (or their hand) as they are tracing, but rather see only a mirror image. Eight trials were conducted, with the number of seconds required for the participant to trace the full outline of the star, one time, recorded for each trial. Participants also completed the WPT, a computeradministered, two-choice probabilistic classification task (Knowlton, Squire, & Gluck, 1994) , also thought to depend on basal ganglia functioning (Poldrack et al., 2001; Poldrack, Prabhakaran, Seger, & Gabrieli, 1999) ; Shohamy, Myers, Onlaor, & Gluck, 2004) .
On each trial, one, two, or three cards are displayed on the computer screen, each with a unique pattern. There are four different patterns that appear in various combinations on each trial. Each pattern is associated with a fixed probability of "sunshine" or "rain" that is unknown to participants (Experiment 2 of Gluck, Shohamy, & Myers, 2002) . Participants are told that they may have to "guess at first" but that they should try "to get better at predicting the weather" as the task goes on. After each response, the computer provides participants immediate feedback on whether they are correct or incorrect. Performance was quantified by tabulating the number of correct selections made during each of four 50-trial blocks.
RESULTS
General statistical procedures
All statistical procedures where conducted with JMP 8.0 (SAS, Carey, NC) and SPSS 17.0 (Chicago, IL). Distributions of data for each variable and all statistical analyses were examined for outliers and violations of statistical assumptions (e.g., non-normal distribution, heterogeneity of variance). Non-normal data underwent transformation when appropriate. Square-root transformations were necessary for the BDI-II, CD4 counts, and SMT data. Nonparametric tests were conducted when examining HIV RNA viral load and KMSK scores, as they were not amenable to square-root or log transformation. Student's t tests were used for betweengroup (HIV+ and HIV-) comparisons with one continuous dependent variable, whereas chi-square tests were employed when the single dependent variable was categorical. Analyses with more than two groups and a continuous dependent variable were conducted with analysis of variance (ANOVA), and all pairwise comparisons were examined using Tukey's HSD (honestly significant difference). As is often the convention in the behavioral sciences, analyses were deemed statistically significant when p-values were less than or equal to .05. Standardized effect sizes were generated using Hedges's g (Hedges, 1981; Hedges & Olkin, 1985) , which is interpreted in the same manner as z scores and Cohen's d. As we did in a prior study , data reduction techniques were used for data from the RPT and the SMT. Specifically, performance on the eight trials of the task was reduced to four trial blocks for each of these two measures, such that each trial block represented the average performance across two successive trials for each individual (i.e., Trial Block 1 = average of Trial 1 and Trial 2; Trial Block 2 = average of Trial 3 and Trial 4; and so forth). This allowed us to reduce the number of dependent variables in analyses, reduce individual across-trial variability, and conduct analyses across all PL measures using the same number of dependent variables.
Group characteristics and control of confounds
Participants were stratified by HIV serostatus (HIV+ or HIV-) and/or lifetime history of marijuana dependence (MJ+ or MJ-). We used a history of marijuana dependence as a proxy for lifetime severity of cannabis use. All participants classified as MJ+ had a history of marijuana dependence; whereas none of those in the MJ-group ever met criteria for marijuana dependence. However, past cannabis use was common across our entire sample, and those individuals with only a history of past cannabis abuse were not excluded from the MJ-group. Indeed, 65% of participants classified as MJ-met criteria for a history of cannabis abuse. This presents a conservative bias in our ability to detect any "marijuana effect."
We compared groups on various demographic, mental health, and substance use parameters in order to identify potential confounds. In order to maximize the possibility of identifying potential confounds, we conducted three sets of analyses to examine between-group differences among: (a) HIV+ (n = 42) and HIV-(n = 44) groups; (b) MJ+ (n = 40) and MJ-groups (n = 46); and (c) groups stratified based on both factors (MJ-/ HIV-, n = 21; MJ+/HIV-, n = 23; MJ-/HIV+, n = 25; MJ+/HIV+ n = 17). Tables 1 and 2 present data on the variables we analyzed across the four groups. No significant between-group differences were observed on any of the demographic, mental health, and substance use variables when comparing HIV+ and HIV-participants. When stratified only by history of marijuana dependence, the MJ+ group showed statistically significant differences from the MJ-group on the BDI-II (MJ-: Mdn = 5, IQR = 2.75 to 8.25; MJ+: Mdn = 13, IQR = 8 to 24, p < .001) and STAI scores (MJ-: M = 32.1, SD = 11.9; MJ+: M = 41.1, SD = 12.4, p < .001). As expected, the MJ+ group also had significantly higher scores on KMSK peak marijuana use (MJ-: Mdn = 6, IQR = 3 to 11; MJ+: Mdn = 13, IQR = 10 to 15; p < .001), which substantiates our use of a marijuana dependence history as a proxy for severity of marijuana use. Importantly, there were no significant differences between the MJ+ and MJ-groups on KMSK scores for drugs of abuse other than marijuana. When stratified both by HIV serostatus and by history of marijuana dependence, statistically significant differences were observed on the BDI-II, WURS, and STAI (see Tables 1 and 2 ), indicating that MJ+ participants tended to endorse more symptoms of emotional distress. As expected, both MJ+ groups endorsed higher KMSK peak marijuana use scores than did both MJ-groups. Although the MJ-/HIV+ and MJ-/HIV-groups did not differ significantly on KMSK marijuana scores, there was a significantly higher prevalence of marijuana abuse history in the MJ-/HIVgroups (81% vs. 52%, respectively; p = . Because some group differences emerged on a few mental health variables, we conducted several analyses to ascertain whether any of those variables accounted for significant variance in performance on PL tasks. Three separate multivariable regressions were conducted, with BDI-II, WURS, and STAI scores as the independent variables and overall performance on one of the three PL task as the dependent variable (RPT, SMT, or WPT). None of the independent variables accounted for significant variance in any of the three PL tasks (all omnibus p-values > .10; all η 2 < .07). Because of their lack of significant correlation with the dependent variables, they were not included in further analyses as covariates.
MJ, HIV, and performance on PL tasks
Performance on the PL tasks is presented in Table 3 . Pearson product-moment correlations among the three PL tasks were statistically significant, but of small magnitude (SMT-RPT: r = -.37, p < .001; SMT-WPT: r = -.24, p = .03; WPT-RPT: r = .22, p = .04). Three separate 2 × 2 × 4 mixed-model ANOVAs with repeated measures were conducted (one for each PL task) using the Greenhouse-Geisser correction. Between-subjects factors were history of marijuana dependence (MJ+ or MJ-) and HIV serostatus (HIV+ or HIV-), with trial blocks on each task as the within-subjects repeated measure. All two-way and three-way interaction effects were examined. Across all three models, we observed a statistically significant within-subjects main effect for trial blocks, indicating that overall participant performance improved across trial blocks on all tasks . In summary, participants evidenced significant improvements in performance across trial blocks on all PL tasks, and rates of improvement did not differ as a consequence of MJ or HIV status. That is, learning slopes across trial blocks were similar across groups. Overall, however, those with a history of MJ dependence (MJ+) performed more poorly than those without (MJ-) on the SMT and RPT, regardless of their HIV serostatus. Also, as we reported in our prior study with the same sample , a positive HIV serostatus (HIV+) was also associated with poorer performance on the SMT and RPT, independently of MJ status. We found no evidence of HIV × MJ interactions.
Additive effects of MJ and HIV on PL tasks
Because we found no significant interaction effects, we conducted further analyses to determine whether HIV serostatus and history of marijuana dependence served as additive risk factors for poorer PL performance in our sample of SDIs. Specifically, participants were stratified into three groups: (a) those with no risk factors (0RF; i.e., MJ-and HIV-; n = 21); (b) those with one risk factor (1RF; i.e., MJ+ or HIV+; n = 48); and (c) those with both risk factors (2RF; i.e., MJ+ and HIV+; n = 17). We used the Jonckheere-Terpstra test (Jonckheere, 1954) for ordered alternatives to examine the possibility of a monotonic change in PL performance with increasing risk factors. Performance on the RPT (p = .014) and SMT (p = .001) showed a monotonic worsening with increasing risk factors, whereas the WPT did not (p = .91; see Figure  4 ). Thus, performance showed a linear worsening trend in complex motor skills as groups increased in their number of risk factors.
Relationship between immune function and PL
Finally, we conducted exploratory analyses to examine how immunological factors affected PL performance among our HIV+ participants when stratified by their history of marijuana dependence. Pearson correlations were computed for CD4 counts and overall performance on each of the three PL tasks, separately for the MJ+ and MJ-participants. No significant correlations were observed (all p-values > .10).
DISCUSSION
In this study, we examined how a history of marijuana dependence, independently or through an interaction with HIV, affected procedural learning (PL) in a sample of currently abstinent substance-dependent individuals (SDIs) with a history of polysubstance use. In a prior study with this sample (Gonzalez et al., 2008) , we reported poorer overall performance in an HIV+ group than in an HIV-group on the Rotary Pursuit Task and the Star Mirror Tracing Task, but no evidence of differences in rate of improvement on either of these tasks, as well as no differences on the Weather Prediction Task. This suggested to us that HIV may negatively impact complex motor skills, but not specifically result in a PL deficit. As expected, these findings persist with the new analyses presented in this manuscript. However, of central focus to the current study are our results as they pertain to a history of marijuana dependence among this sample of past polysubstance users. Two lines of evidence prompted competing hypotheses, as prior literature suggested that a history of marijuana use could be beneficial or harmful to the neurocognitive functioning of HIV+ individuals. We found that a history of marijuana dependence, regardless of HIV serostatus, was associated with poorer performance on measures of PL in this sample. The deficits among those with a history of marijuana dependence were consistent with poorer complex motor skills, rather than a PL deficit per se, as rate of improvement across trial blocks did not differ between the MJ+ and MJ-groups, whereas the groups showed significant difference on overall performance of the SMT and RPT. Thus, the MJ+ participants show baseline differences in performance compared with performance of the MJparticipants on the SMT and RPT, which remained of similar magnitude even with additional practice. This result is similar to the effect of HIV on PL among SDIs, which we previously reported .
Additionally, we found no evidence of an HIV and marijuana dependence interaction. The presence or absence of HIV did not affect differences in PL performance between the MJ+ and MJ-groups, and vice versa. However, further analyses revealed additive, rather than interactive, effects of HIV and MJ. Significant monotonic worsening in overall performance was observed on the SMT and RPT as participants increased from no risk factors to both risk factors (MJ+ and HIV+). When taken together with our finding of poorer overall performance on the RPT and SMT by the MJ+ group, our findings suggest that a history of marijuana dependence is associated with poorer performance of complex motor skills among HIV+ SDIs.
Our findings share similarities and differences with the few studies examining the impact of marijuana use on the neuropsychological performance of HIV+ individuals. Cristiani and colleagues (2004) found poorer overall neuropsychological functioning among HIV+ persons who used marijuana, which appeared to be driven primarily by a measure of delayed memory. Furthermore, the detrimental effects of marijuana on neuropsychological functioning were greater among those HIV+ persons with more severe disease. Unlike our study, they found no significant main effects for marijuana use. These differences may be due to the use of very different neuropsychological test batteries and/or differences in the participant samples. In contrast to Cristiani et al. and to our current results, Chang et al. (2006) found no evidence of interactive or additive effects of marijuana use and HIV on neuropsychological functioning. However, they found brain metabolite differences between groups, suggesting additive negative effects of HIV and marijuana use on brain metabolism. Specifically, HIV+ subjects with a history of marijuana use showed decreased glutamate in basal ganglia, whereas no other groups significantly differed. Similarly, in the thalamus, HIV+ subjects with a history of marijuana use showed the highest levels of creatine. The authors suggested that their results may indicate neuronal dysfunction and glial activation that appears to be worst among HIV+ subjects with a history of marijuana use. Amount of substance use other than marijuana likely differed across the two aforementioned studies and the current study; however, clear comparisons are difficult to make due to varying amounts of detail presented on the substance use history of participants across these studies. For example, Cristiani et al. reported that they excluded individuals with history of injection drug use, whereas Chang et al., (2006) excluded all individuals meeting criteria for other substance dependence or with positive urine toxicology testing; however, other detailed history of substance use among their participants was not provided. Participants in our study were also required to have negative urine toxicology test results and could not meet criteria for any current substance use disorder. Nonetheless, given the prevalence of past dependence for cocaine or heroin in our sample, it is likely that the participants in our study had a history of more coexisting substance use than those in the two prior studies. Despite these differences, collectively these results lend support to the idea that marijuana may be more detrimental to the neuropsychological functioning of those with HIV than to that of individuals without HIV. However, the issue of substance use other than marijuana in these samples complicates interpretation. It remains unclear whether these findings will generalize to HIV+ individuals who use marijuana but have no significant history of other drug or alcohol use. These studies await replication with samples of well-characterized marijuana users who have minimal use of other substances and comparable controls. This is a formidable challenge given the common co-occurrence of polysubstance use among individuals with substance use disorders (Darke & Hall, 1995; Leri et al., 2003) .
We offer some speculations on mechanisms by which marijuana may exert potentially negative effects on the complex motor skills of individuals with HIV that are worth considering. However, some of these mechanisms are based on studies examining effects of cannabis alone, which may limit their direct relevance to our findings among polydrug users. First, as we describe in the introduction, HIV and marijuana may negatively impact striatal functioning, which is important for PL and motor skills. Although we did not find evidence of impaired PL, per se, we did find evidence of poorer complex motor skills. The findings of Chang et al. (2006) also support the hypothesis that the marijuana effects may be due to its impact on striatal function, as they found significant correlations between some of the metabolic abnormalities in basal ganglia and amount of past marijuana use. However, another possible mechanism for marijuana use to worsen HIV-associated neurocognitive disorders is through suppression of immune functioning (Cabral, 2006; McPartland & Pruitt, 1997; Pandey, Mousawy, Nagarkatti, & Nagarkatti, 2009 ). In our study, HIV+ groups were well matched on markers of immunological status for the primary analyses. Exploratory analyses revealed no significant associations between CD4 counts and PL task performance among our HIV+ participants when stratified by history of marijuana dependence. However, it is important to note that our sample sizes for these analyses were not sufficiently large to detect small effect sizes. In comparison, Cristiani et al. (2004) only found evidence of a marijuana effect among the HIV+ individuals with more severe HIV disease, but Chang et al. (2006) found no relationships between marijuana use and HIV disease severity. Neither study examined associations between specific biomarkers of immune functioning and neuropsychological performance. Thus, although current evidence suggests that marijuana use may be detrimental to the neuropsychological functioning of HIV+ persons, the exact mechanisms that underlie such impairments may be varied. Future studies attempting to delineate mechanisms through which cannabis may affect neurocognition should include more detailed analyses of immunological biomarkers and their relationships to marijuana use, as well as explore the impact of past versus ongoing cannabis use.
To our knowledge, the current study is the first to report on the impact of marijuana dependence history on PL. Although we did not find evidence of a PL deficit, our results suggest that a history of marijuana dependence is associated with poorer complex motor skills, regardless of HIV serostatus, in our sample of individuals with a history of polydrug use. Prior studies suggest that learning and memory are the primary neurocognitive abilities that remain affected by abstinent marijuana users (Gonzalez, 2007; Grant et al., 2003) ; however, they appear to improve with prolonged abstinence (Pope et al., 2001) . The absence of studies on PL in the context of marijuana use prevents us from comparing our findings with similar investigations. We do note, however, that both Cristiani et al. (2004) and Chang et al. (2006) included measures of motor skills in their battery of tests (i.e., the Grooved Pegboard and Trail Making tests) but neither found evidence of a marijuana effect after controlling for confounds. Future studies will need to include a more varied array of motor tests to better understand how marijuana is likely to affect motor functioning in individuals with or without HIV.
Several limitations of our study should be considered, and caution is warranted in interpreting and generalizing our findings. First, although substance use disorders are known to commonly co-occur with HIV (e.g., Diaz et al., 1994; Mimiaga et al., 2008; Schulden, Thomas, & Compton, 2009) , it is not clear how many HIV+ marijuana users in the general population use marijuana alone compared to use of multiple substances. However, some studies suggest that, at a minimum, alcohol use is common among HIV+ individuals who use marijuana (Prentiss et al., 2004) . Like many studies including samples of substance-dependent individuals, participants in our study had a history of using multiple substances. Among drug users, this is often the norm (Darke & Hall, 1995; Leri et al., 2003) . Clearly, this information has a bearing on the generalizability of our findings. Our results are most likely to generalize to those individuals with a history of dependence for multiple substances, including cocaine. All individuals in our marijuana dependence group also met criteria for other substance use disorders, and thus definitively isolating "pure" effects of marijuana use was not possible. We attempted to deal with this issue by stratifying individuals based on their history of marijuana dependence and then comparing their recency and overall severity of their drug use for several substance classes. We found no significant differences on these variables between groups, with the exception of those in the marijuana using groups reporting greater severity of marijuana use, as expected. Thus, this approach allowed us to indirectly infer how a history of significant marijuana use (i.e., those that met dependence criteria) may have affected performance, as participants were well matched on other potential confounds. Nonetheless, our study design limits our ability to generalize beyond individuals with a history of dependence for multiple substances, and because it is cross-sectional, causal inferences about the effects of marijuana cannot be concluded. It is also important to note that most participants in the nonmarijuana dependence group (MJ-) also had a history of marijuana use and abuse, but never met criteria for marijuana dependence and reported less severe history of marijuana use. This may have presented a conservative bias by attenuating differences in performance attributable to marijuana between the MJ+ and MJ-groups. It is also important to note that although there is no gold standard for assessing substance use severity, the approach we employed in this study has its limitations. Specifically, we classified individuals based on their history of marijuana dependence, which served as our benchmark for differentiating heavy, regular cannabis users from those with less significant use of the substance. However, this approach relies on a measure of problems from marijuana use rather than actual exposure to marijuana use. Our finding of significantly higher KMSK marijuana scores among the MJ+ group suggests that these individuals did indeed engage in significantly more cannabis use than those in the MJ-group. Nonetheless, this cannot be definitely ascertained, and future studies should incorporate more fine-grained measures of amount, frequency, duration, and recency of marijuana use to more directly examine relationships between exposure to marijuana and its impact on the neurocognitive functioning of HIV+ individuals. Finally, we also note that HIV+ participants in our sample were relatively healthy compared to those in other studies examining HIV effects, with only a small percentage of our sample with an immunological AIDS diagnosis. It is possible, as suggested by the results from Cristiani et al. (2004) , that effects of marijuana may be more pronounced with a more severely ill sample.
Future investigations may benefit from examining potentially important variables that were not within the scope of the current study. For example, a more robust examination on the role of mental health factors in the complex relationships among PL, substance use, and HIV may yield interesting results. In this study, we found some statistically significant between-group differences in self-reported symptoms of depression (BDI-II), anxiety (STAI-State), and ADHD (WURS). Moreover, the group with both HIV and history of marijuana dependence as risk factors tended to endorse more of these symptoms, along with higher rates of hepatitis C (although not statistically significant), which may have had some impact on their neurocognitive performance. However, none of these variables were found to be correlated with PL performance in our sample and thus were not further explored. In contrast, Kalechstein, Hinkin, van Gorp, Castellon, and Satz (1998) found relationships between symptoms of depression and PL in a sample of predominantly white, nondrug using, gay and bisexual men. Specifically, they found that affective/cognitive symptoms of depression were associated with poorer PL, but not with episodic memory or immunosuppression. Conversely, somatic symptoms of depression were found to correlate with levels of immunosuppression, but not PL or episodic memory. Such a nuanced examination of interactions between mental health factors and PL may prove to be a line of fruitful research in examining PL and HIV among substance users. Another interesting area of exploration that has received attention in recent years pertains to interactions between nicotine and marijuana on neurocognitive functioning (Viveros, Marco, & File, 2006) . Early studies suggest that cannabis use may exacerbate the adverse neurocognitive effects of nicotine withdrawal (Jacobsen, Pugh, Constable, Westerveld, & Mencl, 2007) . In our study, we did not collect detailed data on nicotine use; however, we do not think that nicotine withdrawal effects may have affected our findings since participants were not required to make any changes to their smoking habits. Nonetheless, the absence of systematic analyses on the effects of nicotine in this sample remains a limitation of this study.
In summary, our results suggest that a history of marijuana dependence is associated with poorer complex motor skills in a sample with a history of substance dependence and polysubstance use. More importantly, a history of marijuana dependence appears to have additive detrimental effects on the complex motor skills of HIV+ individuals with a history of dependence on multiple substances, including cocaine. When taken together with the few clinical studies published in this area, our current findings lend further support to the idea that marijuana use may be harmful to the neurocognitive functioning of at least a subset of HIV+ individuals. HIV+ individuals are already vulnerable to neurocognitive deficits and motor abnormalities-our results suggest that a history of heavy marijuana use may worsen complex motor skills even further among SDIs. This is of some concern given the national trend to facilitate access to marijuana for individuals with HIV. It is unclear how well our results would generalize to a sample with circumscribed and controlled use of marijuana, as might be the case when marijuana is consumed specifically for medical reasons. Indeed, our findings require replication with samples of HIV+ individuals who have a minimal history of other drug use and who predominantly use marijuana alone. Our study and those of others have examined samples with a history of heavy marijuana use without differentiating whether use was recreational or medicinal. Medical marijuana use might be specifically contraindicated from such individuals, who may suffer from marijuana abuse or dependence. Neurocognitive data from clinical trials examining medicinal effects of marijuana are clearly needed to help identify and weigh the possible benefits and harm that marijuana may have among individuals living with HIV. On the other hand, such studies are not likely to fully capture the impact of daily marijuana use over a longer period of time. Given the lengthening lifespan for individuals with HIV, marijuana use for treatment of symptoms would likely be daily and chronic. Thus, observation and longitudinal studies will be critical to understand how daily marijuana use over long periods of time affects the neurocognitive functioning of those with HIV, especially considering the growing trend for allowing access to legal marijuana use for medicinal purposes in the United States. 
